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Terrestrial DM Search Status
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“He exhausted all avenues in heaven and the nether world,
.. he could not bring her existence to light.”

A Song of Immortal Regret, Bai Juyi (772-846)




Cold Dark Matter (CDM)

® Large scales: very well
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The Diversity Problem
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Cusp

W UGC5721
DMO sims: LG-MR + EAGLE-HR,
- V=89 kms ! +10% [113]

Hydro sims: LG-MR + EAGLE-HR,

lllll

Y
Small core

45

Y UGC 11707
DMO sims: LG-MR + EAGLE-HR,
V,..=101 km s™! +10% [73]

Hydro sims: LG-MR + EAGLE-HR,

11111

T

T

A LSBF583-1
DMO sims: LG-MR + EAGLE-HR,
- V,..=88kms ! +10% [120]

Vi =88 km st +£10% [120]

Hydro sims: LG-MR + EAGLE-HR, || [ /@

| ® IC2574
DMO sims: LG-MR + EAGLE-HR,

Hydro sims: LG-MR + EAGLE-HR,
— V=80 kms™' +10% [149]

2 4 6 8

10 12 0

Radius [kpc]
Colored bands: hydrodynamical simulations of CDM
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The rotation curves are diverse!

All galaxies
have the same
observed Ymax!

Oman+(2015)
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Diversity: A Big Challenge
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the data compiled in Oman+(2015) Bullock, Kaplinghat (2010)

Dark matter distributions are diverse in spiral galaxies



THE CASE AGAINST WARM OR SELF-INTERACTING DARK MATTER AS EXPLANATIONS FOR CORES
IN LOW SURFACE BRIGHTNESS GALAXIES

RACHEL Kuzio DE NARAY', GREGORY D. MARTINEZ, JAMES S. BULLOCK, MANOJ KAPLINGHAT
Center for Cosmology, Department of Physics and Astronomy, University of California, Irvine, CA 92697-4575
Accepted to ApJL

ABSTRACT

Warm dark matter (WDM) and self-interacting dark matter (SIDM) are often motivated by the
inferred cores in the dark matter halos of low surface brightness (LSB) galaxies. We test thermal
WDM, non-thermal WDM, and SIDM using high-resolution rotation curves of nine LSB galaxies.
We fit these dark matter models to the data and determine the halo core radii and central densities.
While the minimum core size in WDM models is predicted to decrease with halo mass, we find that
the inferred core radii increase with halo mass and also cannot be explained with a single value of the
primordial phase space density. Moreover, if the core size is set by WDM particle properties, then
even the smallest cores we infer would require primordial phase space density values that are orders
of magnitude smaller than lower limits obtained from the Lyman alpha forest power spectra. We also
find that the dark matter halo core densities vary by a factor of about 30 from system to system while
showing no systematic trend with the maximum rotation velocity of the galaxy. This strongly argues
against the core size being directly set by large self-interactions (scattering or annihilation) of dark
matter. We therefore conclude that the inferred cores do not provide motivation to prefer WDM or
SIDM over other dark matter models.

Subject headings: cosmology: observations — cosmology: theory — dark matter — galaxies: kine-
matics and dynamics
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Diverse Baryon Distributions
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Kaplinghat, Ren, HBY (2020)

Fitts+(2018)

Observations: for a given stellar disk mass, the scale radius of the disk varies

by a factor of ~10

Simulations: the correlation is much tighter



Milky Way Satellite Galaxies
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Missing Satellites, Too Big To Fail, diverse density of the satellite galaxies, anti-correlation
between pericenter and central density; Baryon physics (tidal stripping, feedback, star

formation history); New physics (SIDM core collapse, Fuzzy dark matter)?
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Galactic tides and the Crater II dwarf spheroidal: a challenge to LCDM?

Alexandra Borukhovetskaya,' * Julio F. Navarro!, Raphaél Errani'-?, and Azadeh Fattahi?
I Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada

2 Université de Strasbourg, CNRS, Observatoire astronomique de Strasbourg, UMR 7550, F-67000 Strasbourg, France
3 Institute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham DHI 3LE, UK

Accepted 2022 March 2. Received 2022 March 1; in original form 2021 December 2

ABSTRACT

The unusually low velocity dispersion and large size of Crater II pose a challenge to our understanding of dwarf galaxies in the
Lambda Cold Dark Matter (LCDM) cosmogony. The low velocity dispersion suggests either a dark halo mass much lower than
the minimum expected from hydrogen cooling limit arguments, or one that is in the late stages of extreme tidal stripping. The
tidal interpretation has been favoured in recent work and is supported by the small pericentric distances consistent with available
kinematic estimates. We use N-body simulations to examine this interpretation in detail, assuming a Navarro-Frenk-White (NFW)
profile for Crater II’s progenitor halo. Our main finding is that, although the low velocity dispersion can indeed result from the
effect of tides, the large size of Crater II is inconsistent with this hypothesis. This is because galaxies stripped to match the
observed velocity dispersion are also reduced to sizes much smaller than the observed half-light radius of Crater II. Unless its
size has been substantially overestimated, reconciling this system with LCDM requires that either (1) it is not bound and near
equilibrium (unlikely, given its crossing time is shorter than the time elapsed since pericentre), or that (ii) its progenitor halo
deviates from the assumed NFW profile. The latter alternative may signal that baryons can affect the inner halo cusp even in
extremely faint dwarfs or, more intriguingly, may signal effects associated with the intimate nature of the dark matter, such as
finite self-interactions, or other such deviations from the canonical LCDM paradigm.

Key words: dark matter — galaxies: dwarf — galaxies: evolution

We need precision measurements of tidal orbital parameters, stellar
kinematics and stellar distributions, and they become available now!



Newly-Discovered Ultra-Diffuse Galaxies
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They contain very
little dark matter!

MDM/Mstar ~ 30

DF2 and DF4
Miar ~ 10° Mg

Expected
MDM/Mstar ~ 200

Observed

o NGC1052-DF2

Dragonfly team, van Dokkum+ (20I8 20I9)




Ultra-diffuse Galaxies in the Field
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The mechanism of tidal stripping does not apply to the isolated galaxies in the field
Kong, Kaplinghat, HBY, Fraternali, Mancera Pina (2022)
Based on the kinematics data in Mancera Pina+ (2020, 2022) and Shi+(2020)
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The gas-rich UDGs strongly favor low-concentration halos,“~50” lower than the median;
this result is robust to the choice of halo density profiles
These “low-concentration” halos can be found in the the IllustrisTNG dark matter-only

simulations (gray); but the inner densities of the simulated halos are too high
Difficult for feedback to produce the UDG halos




Detection of a Dark Substructure through Gravitational Imaging

S. Vegetti'*, L.V.E. Koopmans!, A. Bolton?, T. Treu® & R. Gavazzi*

I Kapteyn Astronomical Institute, University of Groningen, P.O. Box 800, 9700 AV Groningen, the Netherlands (20 | 0)
2 Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822-1897, USA

3Department of Physics, University of California, Santa Barbara, CA 93101, USA

4 Institut d "Astrophysique de Paris, CNRS, UMR 7095, Universite Pierre et Marie Curie, 98bis Bd Arago, 75014 Paris, France

SDSSJ0946+1006 (the “Double Einstein Ring™).

—0.50 -:-..: :..:}./::*:‘_"0/‘./ N - _________ ® The substructure is extremel)' dense
/v"?:/:/% _______ .subhai """" - | ® CDM subhalos are not dense enough
075 .. ,,,,,,,,,,, IS ® Compared to the lllustrisTNG
% R simulations, the tension with CDM is
:—E—wo : at the > 99% confidence level
% Y Y ! ® The substructure does not have a
< ~1.251 - 25 detectable luminous component;
INE Wt baryons cannot help
g |
2.(()b) 2.5 3.0 3.5 4.0 4.5 5.0 OPPOSIte extremes:

Map (1 kpe) " the UDGs and cored spirals vs the
Minor, Kaplinghat,Vegetti (2020) substructure



Gravitational detection of alow-mass dark satellite galaxy at
cosmological distance TVAS B19384666

S. Vegetti &, D. J. Lagattuta, J. P. McKean, M. W. Auger, C. D. Fassnacht & L. V. E. Koopmans

Nature 481, 341-343 (2012) | Cite this article

5762 Accesses | 235 Citations | 64 Altmetric | Metrics

Probing Dark Matter with Strong Gravitational Lensing through an
Effective Density Slope

Ating Cagan Sengiil' * and Cora Dvorkin'

'Harvard University, Department of Physics, Cambridge, Massachusetts, 02138, U.S.A.

9 August 2022

¢¢ between different models. We also present our measurement of the effective density slope y = 1.96*3-13 for the perturber in
JVAS B1938+666, which is a 20 outlier of the cold dark matter scenario. More measurements of this kind are needed to draw
robust conclusions about the nature of dark matter. 9?9



Dark Matter Distributions
e

Mhalo~108-10 Mg Mhalo~108 M@ Mhalo~10%-1013 M@ Mhaio~10"> Mo

® Dark matter distributions are diverse over a wide range of
galactic systems
® Baryon physics! New DM physics? Both?



SIDM Gravothermal Evolution
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Addressmg the Dlver5|ty Problem
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The solid curves are from the SIDM model (core expansion)
Ren, Kwa, Kaplinghat, HBY (2018)



Even Stronger SIDM
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Even Larger Diversity

Isolated halos
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® Stronger dark matter self-interactions produce larger diversity
® A constant cross section ~3 cm?/g is conservative

See also Correa+(2022)



Central Density vs Pericenter
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® Strong dark matter self-interactions increase the spread and amplify anti-correlation
® For the most ~15 massive subhalos, the CDM simulation does not show the anti-

correlation trend

® The stellar disk would “destroy” the subhalos near the bottom

For the discussion on the anti-correlation, see Kaplinghat+(2019)



SIDM lIsolated Halos and Subhalos
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® Strong dark matter self-interactions can greatly diversify the inner halo
density, due to core expansion and collapse
® Amplify the scatter in the concentration-mass relation



Reconciling UDGs & Lens Perturber
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There is a slight offset in mass, as the main halo mass is 103 Mg on the
lower end of the favored range ~10!3-6X 1013 Mg; see Minor+(2020)




Challenge/OPP: Particle Physics Modeling
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Astrophysical
Observables

SU(N) dark sectors; production mechanisms; cosmology of dark sectors



Challenge/OPP Slmulatlng Core Collapse
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Challenge/OPP: Galaxy Formation in SIDM
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® Produce a large spread in the size-mass relation for spiral galaxies?

® Explain the formation of gas-rich UGDs in the field naturally?

® Reproduce tidal orbital parameters, stellar kinematics and stellar
distributions of the MWV satellite galaxies!?

® Other novel aspects of galaxy formation and evolution



The workshop program

® Two weeks

® 54 participants, a good mix of grad students, postdocs, and faculty, from
different fields, including particle physics and astrophysics (N-body
simulations, semi-analytical modeling, observations, galaxy formation,
strong lensing)

® Everyone is invited to give a research talk

® We have a working overleaf document; everyone is welcome to
contribute; we will submit it to arXiv (journal as well?)

Moderated discussions

06/20: SIDM particle physics models

06/21: Milky Way and dwarf galaxy constraints

06/23: SIDM simulations and semi-analytical modelling
06/27: Rotation curves, Milky Way Satellites

06/28: Strong Lensing

We need volunteers as moderators and scribes
(at least two volunteers for each discussion session)



